T he CD8 glycoprotein was initially discovered as a cell surface marker distinguishing CTLs from helper T cells in mice (1) and, along with TCR and CD3, is part of the surface molecular assembly involved in Ag recognition (2) . As a coreceptor, CD8 associates with the Src family kinase p56 lck (Lck), 3 which can phosphorylate CD3 and initiate T cell activation. CD8 also serves as an adhesion molecule to bind MHC to promote and stabilize the interaction of MHC with TCR (1, (3) (4) (5) (6) (7) (8) (9) , which recognizes the specific peptide complexed with MHC (pMHC) (10, 11) . This dual function provides an opportunity, but does not necessarily set a requirement, for TCR-MHC and MHC-CD8 interactions to affect each other. However, it is controversial whether coreceptor CD8 and TCR bind pMHC cooperatively or independently (3, 5, 7, (12) (13) (14) (15) .
On the T cell surface, CD8 is expressed as either a homodimer CD8␣␣ or a heterodimer CD8␣␤ linked by a disulfide bond (1, 4, 12) . The ␣-and ␤-chains are encoded by two closely related genes (16) and share ϳ20% amino acid sequence homology (1) . CD8␣␤ is expressed primarily on peripheral ␣␤ T cells whereas CD8␣␣ is expressed broadly on ␣␤ ⌻ cells, ␥␦ ⌻ cells, NK cells, and dendritic cells (1, 4, 17) . CD8␣␤ has been shown to be a more potent coreceptor than CD8␣␣ in helping the TCR recognize Ag (1, 4, 18 -20) , but the reason for this is unclear (1, 4, 16, 17, 19, 20) . One possibility is that CD8␣␤ may have a higher affinity for MHC than CD8␣␣. Only cell surface CD8␣␤, but not CD8␣␣ or soluble CD8␣␤, has been found to significantly increase the avidity of TCR-MHC binding (4) . Furthermore, inconsistent results have been obtained using cell adhesion (21) , surface plasmon resonance (SPR) (22) (23) (24) (25) , and MHC tetramer staining assays (16) .
During thymocyte development, positive and negative selection ensures generation of a repertoire of self-MHC-restricted and selfpeptide-tolerant T cells; the trimolecular interaction of TCR, pMHC, and CD8 plays a critical role in determining the fate of a developing thymocyte. The kinetic properties of CD8 binding to polymorphic MHC may serve as determinants in the selection process (26 -28) , just like the kinetic properties of TCR binding to pMHC are determinants of T cell recognition (10) .
Although several studies have used SPR to measure MHC-CD8 binding kinetics, these measurements may not account for all interaction characteristics of CD8 on the T cell membrane. The cell membrane provides an important environment for molecular assembly and interactions (29) . Many cell surface molecules have to be assembled or linked to other membrane molecules/structures to carry out their functions fully. For example, TCR␣␤ is complexed with CD3 signaling module (CD3␦, CD3␥, CD3) via its transmembrane domain (30) . For the CD8 molecule in particular, the larger ␣-(than ␤-) chain connects CD8 to the signaling kinase Lck through its cytoplasmic domain (1, 4) . The ␤-chain promotes constitutive association of CD8 with TCR/CD3 via its shorter cytoplasmic tail (4) and mediates CD8 partitioning in membrane rafts (4, 16) . Recombinant molecules purified for SPR studies lack the linkage to the cell membrane, which precludes their interactions with other molecules on cell surface and intracellular structures such as signaling molecules that may regulate binding. For this reason, interactions between molecules respectively anchored on two apposing cell membranes can be biologically different from and more relevant to molecular recognition than those in solution using purified molecules.
Indeed, the former is referred to as two-dimensional (2D) interaction and the latter as three-dimensional (3D) interaction, which are physically distinct (31) . The equilibrium dissociation constant (K d ) is expressed as the number of molecules per unit space based on the mass action law. In the fluid phase, molecules are brought together by diffusion and/or flow in a volume, the concentration has a unit of M, and the 3D binding affinity is measured in M Ϫ1 . By comparison, molecules anchored on the cell membrane diffuse along a surface, their site density has a unit of m Ϫ2 , and the 2D binding affinity is measured in m 2 . More importantly, the two interacting cells have to be brought together because membranes separated by a distance greater than the molecular size would physically preclude binding. It has been demonstrated that the molecular length and orientation (32) as well as cell surface microtopology and stiffness can significantly affect 2D (but not 3D) affinity (33, 34) . Although the reverse-rate k r has the same unit (in s Ϫ1 ) for 2D and 3D interaction, only in the 2D (but not 3D) case can k r be regulated by force applied to the molecular bonds-they would be disrupted by the separation of the cells (31) .
As a first step toward characterizing the 2D molecular interactions between T cells and APCs, we used a micropipette adhesion frequency assay (35) to measure the TCR-independent 2D kinetics of CD8 on the T cell membrane interacting with MHC coated on the surface of RBCs. Consistent with published SPR results, the 2D MHC-CD8 interaction was of very low affinity and depend on the MHC alleles but not on the peptide with which the MHC was complexed. The MHC-CD8 interaction was also indifferent to whether CD8 was composed of an ␣␣ homodimer or an ␣␤ heterodimer. Surprisingly, the 2D affinity for the same MHC varied with T cells from different TCR transgenic mice on which the CD8 was expressed. These affinity differences were abolished by treatment with cholesterol oxidase to disrupt membrane rafts, which reduced MHC-CD8 binding affinity differentially in different T cells. These findings highlight the difference between 2D and 3D binding and emphasize the importance of directly measuring molecular interactions between T cells and APCs with 2D methods.
Materials and Methods

Mice and cell preparation
OTI transgenic mice expressing H-2K b MHC-restricted OTI TCR specific for an OVA epitope (aa 257-264) of OVA (10, 36, 37), P14 transgenic mice expressing H-2D b MHC-restricted P14 TCR specific for a gp33 epitope (aa 33-41) of lymphocytic choriomeningitis virus (38) and F5 transgenic mice expressing H-2D b MHC-restricted F5 TCR specific for an epitope (aa 366 -374) of influenza nucleoprotein (39) were housed in the Emory University Department of Animal Resources facility according to a protocol approved by the Institutional Animal Care and Use Committee of Emory University. Naive OTI, P14, and F5 T cells from transgenic mice were purified using MACS according to the manufacturer's instructions (Miltenyi Biotec). In brief, a single cell suspension of splenocytes was incubated with anti-CD8 positive selection magnetic beads. Cells were washed, run through a magnetic column, and eluted. Purified T cells were washed and stored at 4 o C for use up to 2 days. Human RBCs were isolated from whole blood of healthy volunteers according to a protocol approved by the Institutional Review Board of Georgia Institute of Technology as previously described (35, 40) . In brief, 5 ml of whole blood was collected using a sterile tube containing EDTA, then carefully layered over 3 ml of Histopaque (Sigma-Aldrich), centrifuged and washed 5 times with PBS and another 3 times with experimental additive solutions 45 (EAS45) at room temperature. The isolated RBCs were resuspended and stored in EAS45 solution at 10% hematocrit aseptically at 4 o C for further protein coating and micropipette experiments.
Protein and antibodies
The following peptides were custom synthesized and purified: OVAderived peptides OVA (SIINFEKL), E1 (EIINFEKL), K4 (SIIKFEKL), R4 (SIIRFEKL), and V-OVA (RGYNYEKL), vesicular stomatitis virusderived peptide VSV (RGYVYQGL) (10, 37), lymphocytic choriomeningitis virus-derived peptide gp33 (KAVYNFATM) (38) and HIV-1 SF2 Gag protein-derived peptide HIV gag (SQVTNPANI) (41) . Monomeric mouse MHC molecules complexed with these peptides (OVA, K4, R4,  V-OVA, or VSV for H-2K  b and gp33 or HIV gag for H-2D  b ) and tagged with a single biotin at the C terminus were produced by the National Institutes of Health Tetramer Core Facility at Emory University.
Rat anti-mouse CD8␣ (CT-CD8a) and CD8␤ (CT-CD8b) mAbs with or without PE conjugation were from Invitrogen. Rat anti-mouse V␣2 TCR (B20.1) mAb with or without PE conjugation was obtained from BD Pharmingen or eBioscience, respectively. PE-conjugated hamster antimouse CD3 (145-2C11) mAb was purchased from BD Pharmingen. PEconjugated anti-mouse H-2K b (3H2672) and H-2D b (BCDb) mAbs were obtained from U.S. Biological and Biocarta, respectively. PE-conjugated mouse anti-biotin (Bio3-18E7.2) mAb was purchased from Miltenyi Biotec.
Coupling pMHC onto RBCs
Biotin-streptavidin coupling was used to coat biotinylated pMHC monomers onto the RBC surface (40) . RBCs were biotinylated using Biotin-X-NHS (Calbiochem) according to the manufacturer's instruction. In brief, RBCs were washed three times with PBS, incubated with titrated Biotin-X-NHS at pH 7.2 for 30 min at room temperature, and washed five times with PBS/1% BSA to remove Biotin-X-NHS and stop the reaction. The biotinylation efficiency was checked via flow cytometry by using PE-conjugated anti-biotin mAb. After three washes with EAS45/1% BSA, biotinylated RBCs were stored in EAS45 solution for further use within 3-4 wk.
Before each experiment, biotinylated RBCs were incubated with streptavidin (Pierce) at 0.5 mg/ml for 30 min at 4 o C, washed three times with EAS45/1% BSA to remove unbound streptavidin, and incubated with biotinylated pMHC monomers for 30 min at 4 o C. After washing three times with EAS45/1% BSA, the pMHC coated RBCs were ready for site density determination and micropipette adhesion assay.
Determination of molecular density on cell surface
For every micropipette experiment, site densities of pMHC on RBCs and CD8 on T cells were measured by flow cytometry (Fig. 1) . To measure the pMHC site density, RBCs were incubated with PE-conjugated mAb 3H2672 (for H-2K b ) or BCDb (for H-2D b ) at 10 g/ml in 200 l of FACS buffer (RPMI 1640/5 mM EDTA/1% BSA/0.02% sodium azide) on ice for 40 min. Similarly, CD8␣ subunit, CD8␤ subunit, TCR, and CD3 expressed on T cells were stained with their respective PE-conjugated mAbs. CD8 is expressed as either an ␣␣ homodimer or an ␣␤ heterodimer (1). Therefore, it is assumed that the site density of CD8␣␤ equals that of CD8␤ whereas the site density of CD8␣␣ equals half of the site density difference between CD8␣ and CD8␤.
Micropipette adhesion frequency assay
2D kinetics of MHC-CD8 interactions were measured using a micropipette adhesion frequency assay modified from that described previously (35) . In brief, a pMHC-coated RBC and a T cell were aspirated by two apposing micropipettes with respective diameters of 1.5 and 3 m in isotonic chamber medium (L-15/5 mM HEPES/1% BSA). Adhesion between the RBC and the T cell was staged by placing the cells into controlled contact via micromanipulation (Fig. 2) . The presence of adhesion at the end of a given contact period was detected mechanically by observing microscopically the deflection of the soft RBC membrane upon retracting it away from the T cell. Such detection was reliable and unambiguous in Ͼ90% of the tests, as clearly observable membrane deflections could be generated by a force as low as 2 pN at the RBC apex. This approach-contact-retraction cycle was repeated 50 times to calculate an adhesion frequency, P a , at that contact duration, t. For each pMHC, Ͼ30 pairs of cells were used to obtain several P a vs t curves that correspond to different CD8 and pMHC densities, m r and m l . Each binding curve was fitted using nonlinear regression to the following probabilistic kinetic model for single-step monovalent receptorligand interaction (35) ,
to estimate a pair of parameters: a zero-force reverse-rate, k r 0 , and an effective binding affinity, A c K a 0 , where A c is the contact area (which was kept constant in all experiments). Means and SEs of k r 0 and A c K a 0 were calculated from their individual values estimated from different P a vs t curves corresponding to different m r and m l for each pMHC.
Two variant forms of Equation 1 were used in data analysis. The first form is a log transformation of Equation 1 at t 3 ϱ,
which predicts that the transformed adhesion frequency, ln[1 -P a (ϱ)] Ϫ1 , is proportional to the product of the CD8 and pMHC densities, m r m l , with the effective binding affinity, A c K a 0 , as the constant of proportionality. The second form is to normalize the adhesion frequency by dividing the molecular site densities after the log transformation, but keep the time dependence:
Applying the log transformation and normalization according to Equation 3 is predicted to collapse a family of P a vs t curves corresponding to different m r and m l into a single curve, provided that they correspond to the same set of kinetic reverse-rate and effective affinity.
Results
Isolation of MHC-CD8 binding from the trimolecular TCR-MHC-CD8 interaction
The micropipette adhesion frequency assay is illustrated in Fig. 2 . A mouse T cell and a human RBC were respectively aspirated by two apposing micropipette ( Fig. 2A ). Cells were then brought into controlled contact (Fig. 2B) , and subsequently moved apart to determine whether an adhesion was present (Fig. 2C) or not ( Fig. 2D ) at the end of the contact period. 4 To determine binding kinetics in this mechanical manner, the receptor-ligand bond involved has to be able to sustain a minimum force detectable by the RBC picoforce sensor (35) . This is indeed the case for the MHC-CD8 interaction in question. An adhesion event between a T cell and RBC was unambiguously observed from the RBC membrane elongation, which resulted from the molecular force anchoring the RBC apex to the T cell (Fig. 2C) . This was distinctly different from a nonadhesion event in which the RBC membrane readily separated from the T cell as the micropipette retracted (Fig. 2D ). Although in any particular contact test both positive (i.e., adhesion) as well as negative (i.e., no adhesion) outcomes were possible and random, the probability of adhesion P a was determined by the contact area A c and time t, the densities of receptors m r and ligands m l , as well as the reverse-rate k r 0 and binding affinity K a 0 , as predicted by Equation 1. Rather than adhesion force, the adhesion frequency assay measures this probability by counting adhesion frequency in repeated contact tests (35) .
CTLs express both TCR and CD8, which may bind different sites on the same or different pMHCs (12, 18, 37) . A given TCR is capable of binding different peptides complexed with MHC of the same allele with different kinetic rates and affinities, which can differentially trigger T cell activation (10, 11) . To isolate MHC-CD8 binding from trimolecular TCR-MHC-CD8 interactions, an anti-TCR V␣2 mAb (B20.1) was used to block TCR-MHC binding. Also, an anti-CD8␣ blocking mAb (CT-CD8a) was used to confirm that, apart from a low level background, the measured binding was predominately due to specific MHC-CD8 interaction. T cells expressing a monoclonal TCR from transgenic mice were preincubated with 50 g/ml anti-TCR V␣2 or 10 g/ml anti-CD8␣ for 30 min at 4 o C and micropipette assays were performed in the continuous presence of the same concentrations of mAbs. In this study, TCR-independent, MHC-CD8 specific interactions were isolated for the three types of T cells (OTI, P14, and F5) used and for all pMHCs tested, including the peptides listed in Tables I  and II bound to either H-2K b or H-2D b MHC alleles. Some of the results are exemplified in Fig. 3 using H-2K b complexed with three peptides with various properties for OTI T cells-VSV (null), R4 (antagonist), and OVA (agonist) (10, 37) .
For the null peptide VSV (Fig. 3A) , micropipette adhesion tests in the absence of Ab yielded an adhesion frequency that increased with contact duration initially then reached a steady state (Ⅺ). Addition of the anti-CD8␣ mAb completely abolished binding at all contact durations tested (E), suggesting that the measured adhesion between T cells and RBCs was solely mediated by the specific MHC-CD8 interaction. This was further supported by the lack of effect of the anti-TCR V␣2 mAb which yielded a binding curve (‚) indistinguishable from that without Ab (Ⅺ). Similar results were obtained for another null peptide K4 (data not shown). The inability to detect TCR binding indicated that OTI TCR did not recognize the null peptides. This agreed with results from other assays including SPR measurement (10, 11) , synapse formation, and fluorescence resonance energy transfer measurement (37) . The results also indicated that anti-TCR V␣2 mAb did not sterically hinder MHC-CD8 interactions. Thus, binding of RBCs bearing MHC complexed with null peptides to T cells is measurable, TCRindependent, and MHC-CD8 specific. We also tested the effect of anti-TCR V␣2 mAb on binding between P14 T cells and RBCs coated with H-2K b VSV pMHC and obtained similar results (data not shown). These data allowed us to use null pMHCs to measure the specific MHC-CD8 interaction in future experiments without using anti-TCR mAbs.
For antagonist peptide R4 (Fig. 3B) , micropipette adhesion tests in the absence of Ab yielded much higher adhesion frequencies at all contact durations compared with VSV at equivalent site densities (Ⅺ, compare Fig. 3, A and B) . These adhesions, especially those at contact durations Ͼ2 s, were also stronger, as it was more difficult to separate the RBC from the T cell. When the anti-TCR V␣2 mAb was added, however, the adhesion frequency dropped to levels that matched those mediated by the binding of CD8 to VSV pMHC at corresponding contact durations (‚, compare Fig. 3, A  and B) . Thus, there was a significant contribution from the TCR-MHC interaction to the measured adhesion when the antagonist R4 was used. This also ruled out the possibility that, when the peptide was VSV, the lack of blocking was due to problems with the anti-TCR V␣2 mAb (Fig. 3A) . Addition of anti-TCR V␣2 and anti-CD8␣ mAbs to block both TCR and CD8 completely abrogated adhesion (छ), suggesting that binding in the presence of anti-TCR V␣2 alone (‚) was mediated solely by specific MHC-CD8 interaction. Similar data were obtained for another antagonist V-OVA (data not shown). Thus, both TCR and CD8 bind MHC complexed with antagonist peptides R4 or V-OVA, and the specific MHC-CD8 interaction can be isolated by blocking the TCR-pMHC interaction using the anti-TCR V␣2 mAb.
For the agonist peptide OVA (Fig. 3C) , micropipette adhesion tests in the absence of Ab yielded adhesion in every single test (i.e., 100% adhesion frequency) at all contact durations (Ⅺ). These adhesions were even stronger than those mediated by R4 pMHC, as it was sometimes impossible to separate the RBC from the T cell, despite the fact that the pMHC densities on RBCs were matched for all three peptides (VSV, R4, and OVA). Also, addition of the anti-CD8␣ mAb alone did not lower the frequency of adhesions (E), although they appeared somewhat weaker. This indicates that OTI TCR interacted with agonist (OVA) pMHC much more strongly than antagonist (R4 or V-OVA) pMHC. When the anti-TCR V␣2 mAb was added, however, the adhesion frequency dropped to levels similar to those mediated by binding of CD8 to VSV-loaded MHC at corresponding contact durations (‚, compare Fig. 3, A and C) . Again, addition of mAbs to block both TCR and CD8 completely abrogated adhesion (छ), suggesting that binding in the presence of anti-TCR V␣2 alone (‚) was mediated by specific MHC-CD8 interaction. Thus, both TCR and CD8 bind MHC complexed with agonist pMHC, and the specific MHC-CD8 interaction can be isolated by blocking the TCR-MHC interaction using the anti-TCR V␣2 mAb. As an additional control, biotinylated RBCs not coated with pMHC were tested against T cells, which produced Ͻ2% adhesion regardless of the T cell specificity (data not shown). Thus, no adhesion molecules other than pMHC on RBCs and TCR and CD8 on T cells contribute to the adhesion frequencies measured with the micropipette adhesion assay.
To rule out the possibility that anti-TCR V␣2 mAb might cause changes in CD8 expression, we incubated OTI T cells with anti-TCR V␣2 mAb (50 g/ml) in chamber medium (L-15/5 mM HEPES/1% BSA) for 90 min, which was the time elapse of a typical micropipette experiment, then stained with PE-conjugated anti-CD8 mAbs in FACS buffer to quantify the expressions of CD8␣ and CD8␤ by flow cytometry. We also stained T cells not preincubated with anti-TCR V␣2 mAb with the same anti-CD8␣ and anti-CD8␤ mAbs as a control. CD8 expression was indistinguishable (data not shown), indicating that anti-TCR V␣2 mAb did not alter CD8 expression. It must be stressed that to detect the low affinity specific MHC-CD8 interaction, we had to use very high MHC site densities (ϳ1000 sites/m 2 ). In sharp contrast, ϳ10 sites/m 2 of OVA pMHC were sufficient to produce a specific trimolecular TCR-MHC-CD8 binding comparable to the TCR-independent MHC-CD8 binding (data not shown).
Stoichiometry of the MHC-CD8 interaction
The density m r of CD8 expressed on OTI T cells slightly varied from mouse to mouse. The density m l of MHC coated on RBCs also varied depending on the coating conditions. How CD8 and MHC densities regulate the adhesion frequency P a (through mass action) depends on the stoichiometry, or valency, of the MHC-CD8 interaction. To determine this valency, we took the natural log of the reciprocal of the probability of no adhesion, ln(1 Ϫ P a ) Ϫ1 , measured at 5 s contact duration and plotted it against the product of the site densities, m r m l , for several pMHC ligands (Fig.  4) . The data in Fig. 3 show that MHC-CD8 binding had achieved steady state at 5 s. Equation 2 predicts that the ln [ 
Ϫ1 vs m r m l plots should be linear with a zero y-intercept and a slope equal to the 2D effective binding affinity, A c K a 0 , provided that CD8 binds pMHC monovalently. This prediction is supported by the data for CD8 on OTI T cells interacting with MHC complexed with the null peptide VSV coated on RBCs measured using seven m r m l values (Fig. 4A) . It is evident that the data points are evenly scattered around a straight line that passes through the origin. Equation 2 is also supported by data from MHC complexed with different peptides, e.g., antagonist peptide V-OVA (Fig. 4B ) and agonist peptide OVA (Fig. 4C) , obtained using anti-TCR V␣2 blocking. The data from Fig. 4 , A-C, are pooled in Fig. 4D along with additional data measured using the same MHC allele (H-2K b ) complexed with two other peptides, antagonist peptide R4 and null peptide K4. These data indicate that T cell CD8 forms monomeric bonds with MHC despite the fact that MHC was decorated on the RBC surface via biotin-streptavidin coupling, which might form dimers.
Evaluation of kinetic parameters for MHC-CD8 interactions
Having confirmed the 1:1 stoichiometry of MHC-CD8 interaction, Equation 1 was fit to the TCR-independent, CD8-mediated binding data to evaluate the kinetic parameters, k r 0 and A c K a 0 , for various MHC-CD8 interactions studied in this work, as exemplified in Fig.  3 . Table I summarizes the kinetic parameters so evaluated for OTI T cell CD8 interacting with H-2K b MHC complexed with five peptides for each pair of CD8 and pMHC densities tested (indicated). It is evident that, for each peptide, the kinetic parameters evaluated from individually fitting different P a vs t data sets agree well, despite the fact that they correspond to different m r and m l levels, as expected from the monovalency of the MHC-CD8 interaction, which also demonstrates reproducibility of our assay. To further test the reliability of these best-fit parameter values, the mean k r 0 and A c K a 0 values were calculated and used, along with the corresponding m r and m l values measured from independent flow cytometry experiments, to predict each P a vs t data set, which shows excellent agreement, as exemplified in Fig. 5A for V-OVA.
MHC-CD8 interaction is peptide independent
Although differing in amino acid sequences and molecular weights, the five peptides listed in Table I were complexed with MHC of the same allele, H-2K b . Cocrystal structures of pMHC: CD8 complexes show no contact between CD8 and the peptide (18) . However, it is still possible that a peptide could influence MHC-CD8 interaction should its binding induce a conformational change in the MHC that would alter the CD8 binding site. In  Fig. 4D , the ln[1 -P a (ϱ)]
Ϫ1 vs m r m l data from all five peptides appear to line up, suggesting that their binding affinities (equal to FIGURE 4. Effects of molecular site density on adhesion frequency. Adhesion frequency P a was measured at 5 s contact duration from 2 to 7 pairs of T cells and RBCs (each making 50 contacts) per data point. P a was transformed according to the left-hand side of Equation 2 by taking a natural log of the reciprocal of the frequency of no adhesion to yield ln (1 -P a ) Ϫ1 , then plotted vs the product of the CD8 and MHC site densities, m r m l , for H-2K b MHC complexed with VSV (A), V-OVA (B), and OVA (C) peptides separately. The data from panels A-C were pooled in panel D on which data from two other peptides, R4 and K4, were also plotted. The error bars were computed from SEM of P a according to the Gaussian error propagation law. A straight line with zero y-intercept was fit to data in each panel. The goodness-of-fit was indicated by the R 2 values.
the slope of the line) have similar values. In Fig. 3 , the TCRindependent, CD8-mediated P a vs t data (⌬) appear to have similar shapes and plateau levels regardless of the peptide used, indicating similar kinetic parameters. It can be seen from the binding affinities and reverse-rates listed in Table I that these are indeed comparable for all five H-2K b pMHCs. To visualize the peptide independence of the kinetic parameters for the TCR-independent, CD8-mediated binding to MHC, we make use of Equation 3, which predicts that the ln (1 -P a ) Ϫ1 /m r m r vs t data depend only on the kinetic parameters. Data for MHC complexed with all five different peptides were plotted in Fig. 5B (points). The collapse of data demonstrates graphically that these interactions have comparable kinetic parameters. Conversely, similar kinetic parameters predict similar ln (1 -P a ) Ϫ1 /m r m r vs t curves, as shown by using the mean best-fit k r 0 and A c K a 0 values for each peptide to plot the right-hand side of Equation 3 (Fig. 5B,  curves) , which overlay regardless of the peptide as predicted.
To further test our hypothesis that the MHC-CD8 interaction is peptide independent, kinetic parameters were measured for OTI T cells interacting with RBCs coated with H-2D b MHC complexed with gp33 or HIV gag, which are null peptides not recognized by OTI TCR. As can be seen from Table II where data are listed, the corresponding A c K a 0 and k r 0 values are very similar for the two peptides tested. Taken together, the data suggest that loading different peptides on MHC does not induce enough change in the CD8 binding site to affect the measured kinetic parameters of the MHC-CD8 interactions. In other words, the interactions between CD8 and pMHC are peptide-independent.
CD8 binds different MHC alleles with distinct kinetics
Using MHC tetramer staining and SPR experiment with purified molecules, Moody et al. found that CD8 bound H-2K b MHC with higher avidity/affinity than H-2D b MHC (25) . Our 2D kinetic data support this finding. As shown in Fig. 6 
, CD8 from OTI T cells and P14 T cells respectively bound H-2K
b MHC with 7-and 20-fold higher 2D effective binding affinities than H-2D b MHC, respectively (Fig. 6, A and B, left column) . We were unable to measure kinetic parameters for F5 T cell CD8 interacting with H-2D b MHC despite multiple attempts, because the affinity is too low to yield appreciable adhesion frequencies even at the highest MHC coating density we could achieve, which could measure affinity as low as ϳ10 Ϫ8 m 4 . However, the interaction between F5 T cell CD8 and H-2K b MHC was readily measurable, resulting in a 2D effective binding affinity of A c K a 0 ϭ 2.8 ϫ 10 Ϫ6 m 4 (Fig. 6C, left column) . Thus, the affinity of F5 T cell CD8 for H-2K b MHC was two orders of magnitude higher than that for H-2D b MHC. The impact of MHC allele on the reverse-rate of CD8 dissociation is less clear. CD8 from OTI T cells dissociated 3-fold more rapidly from H-2K
b than H-2D b MHC (Fig. 6A, right column) . By comparison CD8 from P14 T cells dissociated from H-2K
b and H-2D b MHC with similar reverse-rates (Fig. 6B, right column) . Table I ) were then used to predict theoretical binding curves for all three set of site densities (curves). The excellent agreement between experiment and theory supported the assumption on which 
The same MHC allele binds CD8 from different T cells with different affinities
Unexpectedly, CD8 on T cells from different TCR transgenic mice was found to bind the same allelic pMHC with different affinities; the H-2K b MHC binding affinity for CD8 on OTI T cells was 50% and 100% more than those on P14 T cells and from F5 T cells, respectively (compare the three panels in Fig. 6, solid bars, left  column) . A similar trend was found for the H-2D b MHC, which bound OTI T cell CD8 with an affinity 2-(compare A and B in Fig.  6 , open bars, left column) and Ͼ10-fold more than those of P14 and F5 T cell CD8, respectively. To exclude the possibility that CD8 expression was changed by repeated touches with a pMHC coated RBC during the micropipette assay, OTI T cells were first incubated with 50 g/ml anti-TCR V␣2 mAb for 30 min, mixed with OVA, R4 or VSV pMHC coated RBCs at a ratio of 1:100 in the presence of anti-TCR V␣2 mAb, pelleted the cells and incubated at room temperature for 10 min. After the RBCs were lysed with lysis buffer (eBioscience), the T cells were stained with anti-CD8␣ or ␤ mAb to compare the CD8 expression levels. Flow cytometry data showed the CD8 expression level did not alter (Fig. 7A) .
CD8␣␤ is believed to be a more potent coreceptor than CD8␣␣. Therefore, we hypothesized that CD8␣␤ bound MHC better than CD8␣␣, and that CD8 expressed on OTI, P14, and F5 T cells with different CD8␣␣/CD8␣␤ ratios. However, flow cytometry results showed that the CD8␣␣/CD8␣␤ ratios were comparable for those three types of T cells (data not shown). To further test this hypothesis, we took advantage of the fact that the site densities of CD8␣␣ and CD8␣␤ varied mildly among OTI T cells purified from different transgenic mice, with site density ratios of CD8␣␣/ CD8␣␤ ranging from 0.9 -2.5 (indicated in the upper-left corner of each panel in Fig. 7B ). In the preceding section, we have shown that the MHC-CD8 binding affinity and reverse-rate are independent of the peptide. Here we plot the 2D effective binding affinity ( Fig. 7C, upper panel) or reverse-rates (Fig. 7C, lower panel) 
Disruption of membrane rafts differentially reduces affinity for MHC of CD8 from different T cells and abolishes the affinity differences
The micropipette frequency assay measured interactions between molecules anchored on the apposing membranes of a RBC and a T cell. These interactions can be impacted by the cell surface environment, as previously shown for membrane microtopology and stiffness (33, 34) . Another aspect of the membrane environment may be membrane rafts into which CD8 can partition (4). Membrane rafts, and/or the CD8 partitioning therein, could vary among the three transgenic T cells used in our study, thus altering the apparent MHC-CD8 affinity. To test this hypothesis, we measured 2D binding affinities after disrupting membrane rafts by incubating T cells with 1 U/ml cholesterol oxidase (MP Biomedicals) for 30 min (42, 43) . Disruption of membrane rafts substantially reduced the MHC binding affinities for CD8 on all three T cells for both H-2K b (Fig. 8A , compare the solid and open bars in each group, and Table III ) and H-2D b (Fig. 8B , adhesion became undetectable after cholesterol oxidase treatment despite that we used highest possible MHC site density, and Table III) alleles. This was not due to a decrease in the CD8 expression by the cholesterol oxidase treatment, as flow cytometry measurement using OTI or F5 T cells with and without such treatment showed identical CD8 expression levels (Fig. 8C) . Also, treating RBCs with cholesterol oxidase alone did not affect MHC-CD8 binding (data not shown). Remarkably, cholesterol oxidase treatment reduced the H-2K b MHC-CD8 binding affinity by different amounts in different T cells: 12-, 5.6-, and 5.8-fold in OTI, P14, and F5 cells, respectively. Thus, the H-2K b MHC binding affinities for CD8 on different T cells were similar after rafts disruption (Fig. 8A, compare the three open bars and Table III ). These results suggested that partitioning of CD8 in membrane rafts differentially enhanced its MHC binding affinity in the three T cells tested. The enhancement was abolished after the membrane rafts were disrupted, resulting in comparable CD8-MHC binding affinities regardless of the T cell specificity.
Discussion
The present work represents a first step toward dissecting the 2D molecular interactions between T cells and APCs, which involve a number of molecular players, including TCR, coreceptors, adhesion molecules, and costimulatory molecules. Some molecules provide physical linkages to bridge the two cell membranes and form junctional structures, while others deliver signals upon Ag recognition. Some interactions take place between binding partners respectively residing on apposing membranes of the T cell and the APC, while others occur between molecules both residing on the same membrane. Kinetic rates and binding affinity are important determinants for these molecular interactions, for such parameters are believed to correlate with T cell activation. Most published work used SPR for kinetic measurement, which uses purified molecules that have been isolated from their native T cell surface environment (3, 4, 10, 11, 23-25, 44, 45) . Some studies use MHC tetramer or MHC-Ig dimeric molecules to stain T cells (6, 7, 16, 25, 46 -50) , but still measure 3D kinetic parameters. A few experiments measured 2D binding by a simple cell adhesion assay (21, 37, 51) . However, this assay lacks sufficient temporal resolution to measure the kinetics of MHC-CD8 interactions. A different method has been used to measure 2D affinity, which visualizes bond formation between a receptor-expressing cell and a glasssupported lipid bilayer reconstituted with fluorescently labeled, lipid-anchored, freely mobile ligands (52) (53) (54) . At physiological receptor and ligand densities, thousands of bonds are typically formed in a time scale of ϳ10 min, which is a large enough number of bonds and sufficiently long time to smoothen the self-assembled contact area. By comparison, the micropipette method detects binding in seconds on a rough T cell surface full of microvilli. These differences probably underlie the orders of magnitude of differences in the 2D affinities measured by the supported bilayer method and the micropipette method (31) . Moreover, it required extension for this method to be used for measuring 2D kinetics (TP Tolentino, J Wu, VI Zarnitsyna, F Ying, ML Dustin, and C Zhu, unpublished data). Our paper reports the first 2D kinetic measurements using T cell CD8 to interact with pMHC presented on the membrane of RBCs. The measured effective binding affinities of TCR-independent MHC-CD8 interactions are much lower than those of selectin-ligand interactions (32, 55) and the high affinity integrin-ligand interactions (56) but are similar to the IgG binding affinities of the low affinity Fc␥Rs CD16b (57) and CD32a (58) .
There are two known receptors on the surface of CTLs for MHC: TCR and CD8. Multiple lines of evidence suggest that CD8 facilitates or enhances TCR to recognize Ag and initiate T cell activation, and it was shown that after abolishing the CD8 binding by making a mutation on the ␣3 domain of MHC, not only the tetramer staining efficiency for T cell was reduced, but the T cell activation was dramatically diminished (48) . However, the detail mechanisms of cooperation between CD8 and TCR are not yet clear (1) . One hypothesis proposes that binding of one molecule (CD8 or TCR) holds MHC to an optimal configuration, thereby accelerating the association of the other molecule (TCR or CD8) to MHC (5, 14) . An alternative but related hypothesis proposes that binding of the second molecule (CD8 or TCR) to MHC stabilizes the interaction between the first molecule (TCR or CD8) and MHC, thereby decelerating the dissociation of both molecules from MHC (6, 24) . These hypotheses imply cooperation between TCR and CD8 at the level of MHC binding. Although SPR experiments did not find significant difference in the binding of solution MHC to immobilized TCR in the presence or absence of solution CD4/8 (3, 44) , these negative data cannot rule out the possibility of cooperation when both TCR and CD8 reside on the same T cell membrane. The data in Fig. 3 show that inhibiting the TCR-MHC interaction by a blocking mAb does not result in detectable change in the kinetics of MHC binding to CD8 at a resting state. In other words, TCR-MHC and MHC-CD8 interactions appear to be independent at the level of adhesion measured by the present assay and the adhesion levels mediated by these two interactions are additive rather than synergistic, which provides a partial answer to the question of cooperation. Cocrystal structures of both human and mouse pMHC:CD8 complexes reveal that CD8 mainly binds to the invariant ␣3 domain of the H chain and to the ␤2-microglobulin subunit of MHC (12, 18) . By comparison, cocrystal structures of TCR:pMHC complexes reveal that TCR interacts with the ␣1 and ␣2 domains of the H chain of MHC where the peptide cleft is located (2, 59) . Thus, TCR and CD8 bind to spatially separated sites on MHC. Crystallographic studies also reveal little structural differences in MHC complexed with different peptides (2, 59) . It is therefore not surprising to find that the kinetic parameters of the TCR-independent, CD8-mediated MHC binding are peptide independent (Figs. 3, 4D , and 5B, Tables I and II) . Indeed, this conclusion has been supported by previous studies using SPR measurement (24) and the cell adhesion assay (37) . Thus, unlike the TCR-MHC interaction, MHC-CD8 interaction is independent on the peptide potency in triggering T cell activation.
By comparison, different MHC alleles, such as H-2K b and H-2D b , may have sufficient structural differences to impact their CD8 binding kinetics (25, 45) . In support of this hypothesis, we found that CD8 bound H-2K b with a much higher affinity than H-2D b for the three types of T cells tested (Fig. 6 ). This is consistent with previous SPR measurements, which found that binding of CD8 to H-2K b MHC was at least 2-fold better than H-2D b (25) . Similar results were obtained for HLA-CD8 interactions in a human system, where CD8␣␣ bound differently to different alleles of HLA with subtle conformational differences in the ␣3 domain (45) . The agreement of the present results with previous observations obtained using MHC tetramers, CD8 transfectants, and SPR supports the validity of the micropipette assay as applied to the T cells.
Cocrystal structures of human CD8␣␣:HLA-A2 (12) and mouse CD8␣␣:H-2K b (18) complexes show that CD8␣␣ primarily binds the ␣3 domain of MHC asymmetrically in an Ab-like fashion. The first ␣ subunit interacts with MHC ␣3 and ␤2-microglobulin domains, which comprises of Ͼ70% of the contact surface. The second ␣ subunit engages less and interacts only with the MHC ␣3 domain (12, 18) . Although no crystal structure of MHC:CD8␣␤ complex has been published yet, such structure has been modeled by replacing either CD8␣ subunit of CD8␣␣ with a CD8␤ subunit (17) . Based on the model, Chang et al. proposed that, although CD8␣␤ could bind MHC with two distinct orientations, the primary binding site was still the ␣3 domain of MHC and the basic interaction mode was the same as that of CD8␣␣ (17) . By comparison, Devine et al. suggested that only the CD8␣ subunit could make a major contact with MHC class I (60). Nevertheless, both CD8␣␣ and CD8␣␤ interact with MHC and promote TCR-MHC recognition (2), yet CD8␣␤ is two orders of magnitude more efficient as a coreceptor than CD8␣␣ (20) . However, it is controversial as to whether the different coreceptor efficiencies correspond to different MHC-CD8 binding. Sun et al. found that CD8␣␣ and CD8␣␤ mediated similar levels of cell-cell adhesion (21) . Similarly, SPR measurement found that CD8␣␣ and CD8␣␤ had similar 3D affinities for H-2K b MHC (22, 23, 25) . By comparison, MHC tetramer staining experiment found that CD8␣␤ mediated greater interactions with MHC than CD8␣␣, although this discrepancy might come from either the CD8 expressing transgenic mice or the H-2D k MHC used (16) . Our data suggest that the different coreceptor functions of CD8␣␣ and CD8␣␤ are not due to their different 2D binding for MHC as they bind the same MHC allele with comparable 2D affinities and off-rates (Fig. 7) . Surprisingly, we found that CD8 expressed on different T cells bound the same MHC allele with different affinities (Fig. 6) , and cholesterol oxidase treatment differentially reduced these affinities in different T cells. Remarkably, the 2D MHC-CD8 binding affinities became comparable for cholesterol oxidase treated T cells. These data are consistent with the hypothesis that partitioning of CD8 into membrane rafts differentially enhances its 2D binding affinity for MHC depending on the rafts in a particular type of T cells. Further studies are required to fully test this hypothesis and understand its implications to the regulation of MHC-CD8 interaction.
